A prospective study was undertaken in twenty patients undergoing carotid endarterectomy using computerised EEG monitoring in the form of a density-modulated spectral array, spectral edge frequency and integrated EEG power for monitoring cerebral ischaemia. This form of monitoring proved to be easy to use and understand. Because ischaemic EEG events longer than one minute were not necessarily followed by postoperative deficits, the definition of significant events that would cause ischaemia may need to be modified.
Carotid endarterectomy still has a relatively high morbidity associated with the operation, 1 and a number of techniques have been developed to minimise this. 2 Recently, computerised electroencephalographic (EEG) monitoring 3 -S has been added to these techniques with the aim of lessening the incidence of cerebral ischaemia by warning of such events as soon as they occur, and thus hopefully allowing reversal of the cause. The raw EEG is analysed by a discrete Fourier transform technique (Roxburgh -M.Sc. thesis in preparation) to allow a more compact output for monitoring purposes. Our results using a similar method in a small series of patients are presented.
METHODS Twenty unselected patients were operated upon by six surgeons -a neurosurgeon, two cardiac surgeons and three vascular surgeons. The pre-operative condition of the patients is shown in Table 1 . All patients were assessed with a full neurological examination immediately before and after surgery. Any events occurring after this time were not included in this study. The patients were divided pre-operatively into two groups: those with no or only transient neurological symptoms and signs (Group 1, 13 patients), and those with evidence of previous cerebral deficit irrespective of their current physical status (Group 2, 7 patients). A shunt was used in two cases ( Table 1) .
The EEG was taken from two active leads positioned on the ipsilateral frontal region and on the contralateral mastoid region, and one reference lead positioned on the contralateral frontal region. These positions, rather than the conventional 10-20 system leads, were chosen for maximum spacing to maXImIse the probability of retrieving any focal events,6 and were similar to the positions chosen by Rampil et al. S The electrodes used were Medico-Test Q-50 pregelled silver Isilver chloride ECG electrodes shown to have good electrical conductivity characteristics. 7 The skin was degreased but not usually abraded, and the impedance was normally of the order of 1000 ohms measured at 30 Hz.
The signal was amplified by a Hewlett-Packard Bioelectric Amplifier (8811A) and passed to a purpose-built Biomedical Computer 8 This computer has been designed to fit the preamplifier rack of a Hewlett-Packard 7400 series thermal strip-chart recorder. It is based on an 8080A lntel microprocessor with an isolated power supply, four analogue-todigital converters, two digital-to-analogue converters, a programmable real time clock and a front panel display and telephone key pad. The analogue-to-digital converters are used for signal acquisition, while the digital-to-analogue converters are normally used for displaying the results of computations on the strip-chart. The frequency band of interest was defined by filters in the BMC3 and the 8811A amplifier that had a combined 6 dB per octave fall-off below 5 Hz and 18 dB per octave fall-off above 32 Hz. It was necessary to attenuate energy below 5 Hz to prevent the analogue-to-digital converter and Fourier transform software from being swamped by the large-amplitude low frequency activity normally present in the EEG. The 32 Hz filter served to reduce aliased high February, 1986 frequency noise, 1fI particular 50 Hz interference from the a.c. mains electricity supply. The sampling rate was 128 Hz in nonoverlapping blocks (epochs) of 256 data points. This provided a two-second epoch and 0.5 Hz resolution up to 32 Hz.
Three channels of the chart-recorder were used to display the density-modulated spectral array (DSA), the spectral edge frequency (SEF), and the raw EEG. The DSA display uses a 16-level density-modulated grey scale to plot EEG power and frequency versus time in a pictorial format not unlike a voiceprint. 911 To compensate for the restricted dynamic range of the density variable, and to emphasise spectral patterns, the displayed spectrum is normalised so that the dominant frequency in each epoch is plotted as full black. The absolute power values lost by this automatic gain control process are smoothed, and then plotted as a dark band of variable width on the right-hand side of the DSA display. This gives the integrated or mean A. B. BAKER AND A. J. ROXBURGH
EEG power on an epoch-by-epoch basis.
Because power is proportional to amplitude squared, the integrated power scale is a sensitive indicator of changes in the mean EEG amplitude. For example, a halving of the EEG amplitude decreases the integrated power reading to one-quarter of its previous value. Apart from its obvious use in the identification of EEG patterns, the integrated power display is also useful for setting the gain of the EEG amplifier at the start of monitoring. Interference from surgical diathermy was easily identified by reference to the raw EEG channel of the recorder.
A significant EEG event was defined as a decrease, for one minute or longer, in the frequency of the normal EEG rhythm in the 4-20 Hz range with large amplitude slow waves by the SEF display. Using a combination threshold/pattern-matching algorithm to reject false triggering, the SEF display plots a smoothed estimate of the upper visual edge of the EEG spectrum, in essence simplifying the EEG spectrum to a single parameter. 13.14 Because of its simplicity, the SEF tracing is relatively easy for the anaesthetist to watch, and also assists in interpretation of the more complex picture presented by the DSA display. Figure 1 shows a typical chart recorder display. The anaesthetic technique was similar for the two groups. The patients were given a variety of standard premedicant agents with a virtually standard anaesthetic technique of thiopentone, nondepolarising relaxant (pancuronium or alcuronium), N20, 02, narcotic and halothane with IPPV using a circle absorber. The arterial PC02 was controlled in the range 30-35 mmHg.
RESULTS
There were two patients who had new neurological deficits following surgery, both in Group 2. These hemiplegic deficits were similar to hemiplegias which had previously occurred and which had resolved pre-operatively. These deficits resolved with time so that at six months there was again no residual deficit in either patient.
There were 34 EEG events in both groups of patients, and these times are detailed in Table 1 . There were no prolonged (>10 minutes in duration) events in any patient in Group 1. There were two patients with prolonged EEG events in Group 2, one of whom had a postoperative neurological deficit while the other patient did not. There was also one patient with two short EEG events (4.5 min and 1.5 min) who developed a postoperative deficit. This patient also underwent coronary artery surgery at the same operation. The timing of events in relation to carotid clamping is also detailed in Table 1 . There was no particular association of ischaemic events with any surgical events. DISCUSSION A number of studies have used conventional EEG monitoring during carotid endarterectomY,15 and the EEG obtained from scalp electrodes has been shown to correlate with both cerebral blood flow 16 and also cerebral oxygen uptake. i1 The computerised EEG as used in this study has decided Anaesthesia and fllfensi\'e Care, Vol, /4, No. J, February, /986 advantages over the conventional EEG. First, it is more condensed so that the observer can easily scan a period of time without flipping through a large mass of recording paper. Second, it allows extra markers such as the SEF to be displayed and this helps the EEG-naive anaesthetist to recognise ischaemic events. Last, it is a quick and sensitive monitor of ischaemic events whereas the conventional EEG may be confusing because of its widespread electrical sensitivity.
Katmelson 6 has recently shown that widely spaced scal p electrodes res pond to electrical cortical events over a large region of the brain, and not just to cortical events immediately below the electrodes; a pair of closely spaced electrodes is orientation and location sensitive, whereas a widely spaced pair tends to be orientation sensitive only. Thus, the two hemispheres can not be discriminated with one pair of electrodes; however, such discrimination is not necessary for the monitoring of global cerebral ischaemia as long as ischaemia anywhere is noted. A widely spaced pair of electrodes may be less sensitive for detection of localised ischaemia, such as occurs in hypotensive procedures where there is vulnerability of cerebral arterial boundary zones, IS but this is not of a major importance during carotid endarterectomy. Rampil et al. 5 showed that 'a single-bipolar lead processed appropriately is sufficiently sensitive to detect clinically significant cerebral hypoxia'. Our own work 12 confirms that opinion.
The BMC3 with its DSA software is an easy monitoring system to use. The data are compressed yet easily readable with very little extra training. Trends are readily visible, which allow intermittent (though frequent) appraisal, and this removes the need of conventional EEG analysis for constant inspection to the detriment of monitoring other patient parameters. Thus, the DSA display is more akin to other operating theatre monitors which all function with intermittent review. Because the display mode is integrated into a standard Hewlett-Packard chart recorder and uses a relatively slow chart speed (0.25 mm/s), it allows easy display, along with record of such other parameters as arterial blood pressure, ECG and expired C02.
It is of interest to note that the integrated power part of the DSA display is similar in function to the amplitude display of the Cerebral Function Monitor (CFM). However, the special information provided by the DSA is the major factor in the detection of EEG slowwave behaviour. A recent update of the CFM -the Cerebral Function Analysing Monitor (CF AM) also displays the EEG frequency spectrum, but as a series of four disjointed traces which is less useful than the much higher resolution pictorial presentation of the DSA. These disjointed traces are somewhat inaccurate because of the artificial partition of the frequency spectrum into the classical divisions of delta, theta, alpha and beta waves. The protocol for recognition of ischaemic EEG events was similar to that of Rampil et al. 5 (with the additional use of a machine-computed SEF and an increase in integrated EEG power), and was used prospectively to predict the outcome of patients. Nevertheless, we were always worried when any event occurred which decreased the displayed DSA frequencies or decreased the SEF, and the surgeon was always notified of the possibility of an ischaemic event occurring. Almost invariably we noticed that at the time of the trial clamping of the artery to measure stump pressure, there was a very short 'ischaemic event' which usually did not then recur on further reclamping. This is difficult to explain. It may be a manifestation of the same form of homeostatic vascular control which encourages collateral flow in circumstances where there has been a reduction in flow through a cerebral vessel such as the internal carotid artery.
The study by Rampil et al. 5 showed that this technique had a good correlation with ischaemic cerebral events, whereas our study has not been as conclusive. Our study included two patients who both had long events yet one of whom did not subsequently show any neurological sequelae. Thus, the criteria advocated by RampiP may be too strict. Some allowance should probably be made for the number of events as well as the length of any one event. The number of events may influence the situation either by improving the prognosis by encouraging collateral flow and other antiischaemia protective responses or by worsening the prognosis by increasing the total ischaemic time.
In both our study and that of RampiP there was one patient with a new neurological deficit without prolonged ischaemia on the EEG. These were both patients who had previous neurological signs and it may be that for these patients the criteria for determining an ischaemic event are too lax. There may be other factors operating, such as a steal phenomenon, causing local areas of ischaemia which cannot easily be picked up by a bipolar electrode placement which is more sensitive to global cerebral ischaemia.
Anaesthetic manoeuvres may change the EEG by alteration in depth of anaesthesia or bolus injection of narcotic drugs, etc. These events are easy for the anaesthetist to be aware of and cannot be confused with general ischaemic events which are always sudden in onset (15-30 s) and usually more total in their effect.
There was no specific correlation with surgical manoeuvres in this study. There was a fairly even spread of events between preclamping, clamping and declamping, and some suggestion that associated hypotension was bad (Table 1) . Shunts were not used in most of the cases in this series because the surgeons considered the associated risk of embolism to be greater than the risk without shunting.
In conclusion, we have found this method of monitoring during carotid endarterectomy to be very easy, and to be meaningful to the extent that both surgeons and anaesthetists were alert to possible ischaemic events and tried whenever an event occurred to improve the cerebral circulation. That using the protocol did not correlate well statistically with postoperative clinical signs and symptoms may indicate too gross a study of the neurological status (i.e. not including psychometric testing), or that the technique or protocol was too sensitive. The number of patients studied was small and a larger study may show greater correlation. We consider, however, that use of the computerised EEG monitor is useful in this operation.
